Abstract. This lecture summarises how our understanding of many aspects of the Sun has been revolutionised over the past few years by new observations and models. Much of the dynamic behaviour of the Sun is driven by the magnetic field since, in the outer atmosphere, it represents the largest source of energy by far.
Introduction
Thank you most warmly for the award of the Alfvén Medal, which gives me great pleasure. In addition to a feeling of surprise, I am also deeply humbled, because Alfvén was one of the greats in the field and one of my heroes as a young researcher (Fig. 1) . We need dedicated scientists who follow a specialised topic with tenacity and who complement one another in our amazingly diverse field; but we also need time and space for creativity in this busy world, especially for those princes of creativity, mavericks like Alfvén who can view our field widely and blaze trails in new and unexpected directions.
The Sun, an object of worship for early civilisations, is the main source of light and life on Earth and of our space weather with many subtle effects on our environment. It is also a key for astronomy, since many of the fundamental cosmic plasma processes taking place in stars, galaxies and accretion discs can be viewed in much greater detail on the Sun. However, solar physics is at present in a vibrant state since many of the basic properties of the Sun remain a mystery. Although we have made huge progress on them over the past 10 years, definitive answers have not yet been given about how the magnetic field is generated, how the dynamic finescale structure of the atmosphere is created, how the corona is heated and the solar wind accelerated, how prominences are formed and structured, how eruptions of coronal mass ejections are initiated and how reconnection converts energy in solar flares.
These puzzling features are caused by the magnetic field. The Sun is plasma rather than normal gas, so it is coupled in an intimate and subtle way to the magnetic field. This interaction is described by the equations of magnetohydrodynamics (or MHD). To me these are the most beautiful equations I know and are continually revealing new properties. They consist of equations of induction, mass continuity, motion, perfect gas and energy, which take the following form in the corona:
where F includes extra forces, q is the heat flux vector, L r is the optically thin radiative loss function and F H = ρ + H v + H c is a heating term. These equations are, in general, coupled and serve to determine the primary variables, the plasma velocity (v), the magnetic field (B), the plasma pressure (p), the plasma density (ρ) and the plasma temperature (T ). In addition, the secondary variables, the electric current (j ) and electric field (E), are given explicitly in terms of the velocity (v) and magnetic field (B) by
while B is subject to the condition
This last equation plays the role of an initial condition for the time-dependent Eqs.
(1)-(5), which form a complete set, representing nine equations for nine variables. The divergence of Eq.
(1) shows that if ∇ · B vanishes initially, then it continues to vanish for all time. Alfvén (1908 Alfvén ( -1995 was an early pioneer in proposing MHD ideas, such as frozen flux and, in 1942, MHD waves. In 1937 he suggested that the universe is not filled with a vacuum but is pervaded instead by plasma, which could carry currents that generate a galactic magnetic field. He was trained as an electrical engineer and obtained a PhD from Uppsala in ultra-short electromagnetic waves (1934) . He taught in Uppsala and Stockholm and was appointed a professor at the Royal Institute of Technology in Stockholm in 1940 . Later, in 1967 , he moved to San Diego, California. He was awarded the 1970 Nobel Prize in physics for "his contributions and fundamental discoveries in magnetohydrodynamics, and their fruitful applications to different areas of plasma physics".
The history of ideas is often fascinating. In particular, Southwood (2015) has reviewed the history of our understanding of the aurora. At the beginning of the last century, Kristian Birkeland, in a ground-breaking move, painstakingly set up polar stations for auroral observations and deduced that the aurora are too high (100 km) to be atmospheric phenomena. He suggested that they are produced by horizontal electric currents flowing in the ionosphere and closed by currents that flow in on one side along the magnetic field and out on the other (Birkeland, 1908) . These are now known as Birkeland currents, but they were only confirmed in 1967. Birkeland thought that the charged particles came directly from the Sun. However, for half a century, the idea of fieldaligned currents was ignored by most solar terrestrial scientists, who were split into two antagonistic schools, one Scandinavian and the other British. The antagonism and ill feeling between these schools was in my view highly regrettable, since it would have been better to listen respectfully to each other by trying to understand the other point of view and remain on good terms. The dominant British school was led by Chapman, who produced a different theory of geomagnetic storms (Chapman and Ferraro, 1930) based on the idea of a closed magnetosphere separated from the interplanetary medium by a magnetopause. Alfvén, however, doggedly kept Birkeland's ideas alive by suggesting that a magnetised particle stream simply flows onto the Earth's magnetic field and is driven by a voltage that comes from the Earth's rotation. Neither picture was correct, but both had elements of truth. They were ultimately unified when Dungey (1961) produced his open-field model of the magnetosphere with the solar wind driving southward-directed magnetic field lines to reconnect at the nose of the magnetosphere and also in its tail. It is this reconnection process that drives field-aligned currents in on the dawn side and out on the dusk side.
Alfvén wrote a highly insightful book in 1950 entitled "Cosmical Electrodynamics" with introductory chapters on charged particle motion, electrical discharges and Alfvén waves propagating along a magnetic field, followed by application chapters on solar physics, magnetic storms and aurora, and cosmic rays. I recently reread the book and was struck by his many imaginative ideas based on the limited observations of the time, but also by how much the newer observations have revolutionised our understanding since then and made many of Alfvén's ideas inapplicable. For exam-E. Priest: Alfvén Medal lecture 807 ple, he thought that the core of the Sun possesses a uniform magnetic field and is surrounded by a global bipolar field that produces a weak field of 20 G at the solar surface. In his mind, the solar interior possesses two turbulent regions, the first near the surface only a few granules thick and the second in the energy-generating core; the core turbulence generated Alfvén waves in the form of very strong flux rings lying in lines of latitude which propagate out along the bipolar field and create a pair of sunspots when a ring reaches the solar surface.
We now know that the Sun is a ball of plasma held together by gravity with a radius of 700 Mm (i.e., 700 million m) compared with the Earth's radius of 6 Mm. Its interior possesses a core at which the energy is released by thermonuclear reactions and diffuses very slowly outwards. In the outer onethird of the interior the temperature gradient is large enough to drive convective instability, and this produces a turbulent convection zone. The atmosphere consists of three parts: the thin photosphere with a temperature of 6000 K, from which comes most of the light we see. Above it lies the warmer and rarer chromosphere with a temperature of about 10 000 K. Beyond that the outer atmosphere or corona stretches out to fill the heliosphere.
In this lecture I plan to give you some highlights of the progress made since Alfvén's Nobel Prize in 1970 that have come from ground-based and space observations and also from theory. These will include accounts of the photosphere, chromosphere, prominences, coronal heating, solar wind and finally solar flares and coronal mass ejections. Each of these are huge subjects which have spawned many books and reviews, so my discussion will necessarily be simple and selective.
The solar interior
In 1970, the supposed internal temperature T (r) of the Sun was based purely on theory. The magnetic field of sunspots was generated by a dynamo and rose by magnetic buoyancy. Now there are magnificent computational experiments for the details of how the magnetic flux tubes rise through the solar surface and interact with the overlying magnetic field (e.g., Archontis and Hansteen, 2014; Martínez-Sykora et al., 2015; Hansteen et al., 2017) . Now we also know that the Sun oscillates in many different normal modes of vibration. Several million modes have been discovered and form the basis for the new field of solar seismology, from which the internal temperature has been deduced (Christensen-Dalsgaard et al., 1985) . The internal rotation of the Sun has been deduced and compared with the surface rotation pattern in which the surface equatorial regions rotate faster than the polar ones. It had been thought that the internal rotation would be constant on cylinders, with the outer cylinders rotating faster than the inner ones; in ad- dition it was expected that the magnetic field would be generated throughout the convection zone. A huge surprise, therefore, was the discovery from solar seismology that, throughout the convection zone, the rotation is instead constant on cones . Also, at the base of the convection zone there is an intense shear layer, called the tachocline, which is now thought to be the location of the main dynamo where the magnetic field of sunspots and active regions is generated (Fig. 2) . Near the solar surface, one can also see a shear layer, which may possibly be the location of a small-scale dynamo responsible for the small-scale magnetic flux that appears at the solar surface as ephemeral regions, network flux and inner network flux.
3 The low atmosphere
The photosphere
The photosphere has a temperature of 6000 K and is covered with turbulent convection cells on two main scales. Granulation consists of tiny cells with a typical size of 1 Mm, whereas supergranulation is much larger with scales of 15-30 Mm.
Maps of the line-of-sight magnetic field reveal bipolar active regions around sunspots forming two bands, one north of the equator and the other south (Fig. 3) . In 1970, Alfvén thought there was a weak large-scale bipolar magnetic field outside active regions; but by the 1990s, very strong smallscale magnetic fields had been discovered at the edges and junctions of supergranules, forming a so-called network.
Now, if we map the photospheric magnetic field above a threshold of 500 G, the network flux shows up clearly at the edges of supergranules. However, if the threshold is lowered to 25 G, far more magnetic flux shows up and tiny elements of a strong magnetic field are revealed at the edges of 808 E. Priest: Alfvén Medal lecture Figure 3 . A typical map of the line-of-sight magnetic field in the solar photosphere. The bright regions represent the magnetic field that is directed towards you, while the dark regions have magnetic fields pointing away. The numbers indicate (1) the polar field, (2) a largescale unipolar field, (3) an active region, (4) a tiny bipolar region (called an ephemeral region and a normal network), (5) a remnant active region (6) and an enhanced network field. The two sunspot bands north and south of the equator can clearly be seen (from the HMI instrument on the Solar Dynamics Observatory, SDO).
granules. These elements represent tiny magnetic flux tubes poking through the photosphere and spreading out into the chromosphere and the corona. The result is that the chromospheric and coronal magnetic field is much more complex than we once thought.
Images of the photospheric magnetic field with the highest spatial resolution have come from the wonderful Sunrise balloon mission, which has been able to resolve the kilogauss flux outside active regions for the first time and has a resolution of 100 km (Solanki et al., 2010; Solanki, 2017; Solanki et al., 2017) . An example is shown in Fig. 4 , which is compared with the previous highest resolution from the Hinode mission.
Sunspots are locations of huge magnetic flux tubes with magnetic fields generated at the base of the convection zone that then rise through the convection zone by so-called magnetic buoyancy. The flux tubes give rise to sunspots when they break through the solar surface, and they are dark because they are cooler than the surrounding photosphere. Granulation mixes up the surface layers with hotter layers just below the surface and tends to make the surface hotter and brighter than it would otherwise be. Inside a sunspot, however, this process does not occur since the magnetic field stops the granulation and makes the surface of the sunspot cooler and darker than the surrounding photosphere.
Observations of sunspots from Hinode and from the Swedish Solar Telescope on La Palma have revealed fine structure that would have delighted and intrigued Alfvén. Also, recent computational models have produced amazingly realistic images, which show that all the fine structure is a natural consequence of convection in the presence of a magnetic field (Rempel, 2012 (Rempel, , 2015 .
The chromosphere
The IRIS satellite has revealed that the chromosphere is very dynamic and has much fine structure. Spicules can be see at the limb of the Sun as cool jets of plasma that are ejected from the network at the edges of supergranules. They are heated to transition-region temperatures as they rise (Skogsrud et al., 2015; Carlsson et al., 2015) and are often twisted (De Pontieu et al., 2014) , but their contribution to the solar wind is not yet known. The Bifrost code has been developed in Oslo to model the complex transition through the chromosphere to the corona (Martínez-Sykora et al., 2009; Hansteen et al., 2010 Hansteen et al., , 2015 Carlsson et al., 2010; Gudiksen et al., 2011) . It has provided new insight into the nature of the complex connection between the photosphere and the corona, which involves transitions between the forces from being pressure dominated to those being magnetically dominated, the plasma from being neutral to being fully ionised, the radiation from being optically thick to being optically thin and the thermodynamic state from being in local equilibrium to being in non-equilibrium.
Magnetic reconnection in three dimensions
Before continuing to a discussion of coronal heating and solar flares, let us have a little detour to summarise the fundamental plasma process of magnetic reconnection, which is likely to be involved in both topics (Priest and Forbes, 2000) . The basic theory for the process in two dimensions is now well understood, but there are key differences when it comes to three dimensions. First of all, the magnetic structure near a null point, at which the magnetic field vanishes, is quite different in 2-D and 3-D. In 2-D a null point forms either an X-type or an Otype structure, but in 3-D the simplest field with a null at the origin and satisfying ∇ · B = 0 has components
with field lines indicated in Fig. 5 . Two families of field lines link to the null point: an isolated spine field line, which comes in along the positive and negative z axis towards the null, and a surface of fan field lines, which comes out of the null in the x-y plane. The fan surface is a so-called separatrix surface that separates the field lines that lie above the x-y plane from those that lie below it. Secondly, the topology in 3-D is much more complex than in 2-D. In 2-D, consider four sources in a line on the base (the photosphere) which are situated in the order +, −, +, − (Fig. 6a) . Above the base in the corona there is an X-type null point. The field lines that thread the null point are called separatrix curves, since they separate the 2-D region into topologically distinct subregions in the sense that the field lines immediately to the left of the null all start out at the leftmost positive source and end at the leftmost negative source; those to the right of the null link the other two sources. Furthermore, all the field lines below the null join the rightmost positive source to the leftmost negative source, while all the field lines above the null join the two outermost sources.
In 3-D, by comparison, suppose two positive and two negative sources are placed on the plane base (photosphere), as indicated in Fig. 6b . Two 3-D null points will be present on the base, indicated by large dots, and the fan surfaces from each of those null points form domes that curve downwards and separate the field lines below the dome from those above it. When the two domes intersect, they do so in a special curve called a separator that joins the one null point to the other (Fig. 7) . The third difference between 2-D and 3-D lies in the nature of reconnection. In 2-D, reconnection can take place only at an X-point, and in Fig. 6a it transfers magnetic flux from two subregions to the other two subregions. In 3-D, one type of reconnection, called separator reconnection (Priest and Titov, 1996; Longcope and Cowley, 1996; Galsgaard and Nordlund, 1996; Longcope, 2001; Parnell and Galsgaard, 2004; Parnell et al., 2010) , occurs when a strong current builds up along a separator. It has the effect of transferring magnetic flux from two regions to two other regions.
However, in 3-D, reconnection can also take place in other ways: at null points (Priest and Pontin, 2009 ), through torsional spine reconnection, torsional fan reconnection or, most usually, through spine-fan reconnection (Pontin et al., 2005) ; or quasi-separator reconnection when the current accumulates at a so-called quasi-separator (Priest and Démoulin, 1995; Démoulin et al., 1996; Titov et al., 2003; Aulanier et al., 2005) . Consider the mapping of the footpoints of magnetic field lines from one part of the photosphere to another.
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If there is a 3-D null point in the overlying atmosphere, then there is a separatrix surface across which the mapping exhibits a sudden jump or discontinuity. However, when there is no null point or separatrix surface, there are sometimes socalled quasi-separatrix surfaces, or QSLs for short, across which the mapping is perfectly continuous but possesses a steep gradient. Then large currents can once again accumulate along the quasi-separator and lead to magnetic reconnection.
An example of such a quasi-separator is shown in Fig. 8 , for which the magnetic field just consists of an X-type nullpoint field in x-y planes and a uniform field (B 0 ) in the z direction. The z component of the field therefore removes the null points, but the separatrices that exist in the x-y and x-z planes when B 0 = 0 become quasi-separatrices when B = 0. Thus, for example, as a footpoint moves from B 1 a small distance to B 2 , the other end of the field line flips very rapidly over a large distance from A 1 to A 2 .
A final important new feature in three dimensions that we shall use in Sect. 6 is the existence of a topological invariant known as magnetic helicity, which includes two types: self-helicity and mutual helicity (Berger, 1984; Hornig and Schindler, 1996) . The self-helicity is a measure of the twisting and kinking of a magnetic flux tube, whereas the mutual helicity measures the linkage between different flux tubes. What happens during 3-D reconnection is that the total magnetic helicity (the sum of self-helicity and mutual helicity) is conserved, but it can be converted from one kind to the other, for example, from mutual to self-helicity.
The corona
The corona has a temperature of about 1 million degrees K, and in 1970 (apart from the occasional rocket flight) we could only glimpse it with one image per year from an eclipse observation. The corona was thought to be heated by sound waves generated by granulation, propagating upwards and then steepening to form shock waves. Now, in addition to eclipse photographs we have regular images from artificial eclipses produced by space-borne coronagraphs and can also view the corona direct regularly in EUV and X-rays from space (Fig. 9) . The corona has three different types of structure: small X-ray bright points lying above opposite-polarity magnetic fragments in the photosphere, coronal loops of many different types and coronal holes through which the magnetic field is open to interplanetary space and along which the fast solar wind escapes. The slow solar wind comes from near the equatorial streamer belt.
Key unanswered questions are related to the nature of coronal heating (which is now known to be magnetic), the acceleration of the solar wind and the nature of huge magnetic flux ropes called prominences, which lie in the corona but have chromospheric temperatures. Prominences lie above polarity inversion lines, at which the line-of-sight magnetic field changes polarity. Occasionally, they erupt outwards in association with and lying in the core of coronal mass ejections. When they erupt from active regions, they also produce solar flares.
Prominences
Recently, an impressive non-linear force-free model of the coronal magnetic field has been set up (Mackay and van Ballegooijen, 2006; Mackay and Yeates, 2012; Yeates et al., 2008; Yeates and Mackay, 2009) . It evolves through a series of equilibria in response to the observed surface motions at the Sun: differential rotation, meridional flow, flux diffusion and emergence of new flux (Fig. 10a) . Along certain portions of the global polarity inversion line, twisted magnetic flux ropes appear; at the same locations, H α maps reveal the presence of prominences. The locations of the vast majority of prominences that are either quiescent (i.e., outside active regions) or intermediate (i.e., at the boundaries of active regions) can be predicted with the code (Fig. 10b) . Furthermore, the timing for the eruption of such prominences can be predicted to within 1 day.
Coronal heating
The coronal heating problem probably has a variety of different solutions in different parts of the solar atmosphere. Thus, coronal holes and the high corona are likely to be heated by magnetic waves propagating from below and dissipating by phase mixing or resonant absorption (Heyvaerts and Priest, 1983; Tomczyk and McIntosh, 2009; Nakariakov et al., 1999; Goossens et al., 2011; De Moortel and Nakariakov, 2012) , with the dissipation mechanism being a collisionless one. Xray bright points, on the other hand, are almost certainly produced directly by magnetic reconnection, since they lie above opposite-polarity magnetic sources that either move apart as new flux emerges and reconnects with the overlying field or come closer together and drive reconnection as they cancel (Priest et al., 1994; Parnell and Priest, 1995) . MHD turbulence models may be used to describe the cascade of energy from large to small scales and its dissipation.
The coronal tectonics model (Priest et al., 2002 ) is a refinement of Parker's braiding and his nano-flare model. Coronal tectonics takes account of the fact that the magnetic field of the corona comes through the solar surface from many small intense photospheric sources rather than through regions of weak uniform magnetic field. Thus, the flux from the sources spreads out in a highly complex way into the overlying atmosphere, and the fluxes from neighbouring sources are separated from one another by a complex web of separatrix surfaces (Fig. 11) . Thus, the response to the complex motions of these sources is the formation of a myriad of current sheets L S I Figure 11 . The coronal tectonics model, showing a schematic of a coronal loop consisting of many sub-volumes, each linked to a separate photospheric source and divided from one another by separatrix surfaces. The motions of the footpoints produce a myriad of current sheets along the separatrices, which dissipate impulsively and produce nano-flares. along the separatrices. These current sheets continually form and dissipate through magnetic reconnection and produce a complex web of impulsive nano-flares that are highly likely to be heating the corona, especially in active regions and in other types of coronal loop.
The solar wind
In 1970, the focus was simply on Parker models of the solar wind, with the flow velocity (v(r)) being spherically symmetric and a function only of distance (r) from the Sun. Now the models are highly sophisticated, and observations from the Ulysses mission have revealed that at sunspot minimum there is a mixture of fast solar wind at 700 km s −1 from coronal holes and much more sporadic slow solar wind from streamer belts. On the other hand, at sunspot maximum the solar wind is much more irregular (Fig. 12) .
The fast solar wind is likely to originate in coronal funnels, as shown in Hinode observations of outflows (Sakao et al., 2007) . Models of the magnetic topology of the corona have revealed a series of funnels bounded by open separatrices and often spreading out from small locations at the solar surface ( Platten et al., 2014; Edwards et al., 2016) . So the fast wind is in my view likely to be heated by reconnection low down in funnels and then by a turbulent cascade of MHD waves higher up (Cranmer, 2012) . On the other hand, the mechanism for accelerating the slow solar wind is much more uncertain. One possibility is that it is heated by the equivalent of the tectonics model, but operating in a web of separatrices near streamer boundaries (the so-called S-web) Titov et al., 2011) .
Solar flares and coronal mass ejections
In 1970, a solar flare was defined as "a brightening in the chromosphere", and coronal mass ejections (CMEs) had not been born. Now we know that the core of a flare is located in the corona and involves the eruption of a coronal magnetic flux tube, which drives reconnection below it. The magnetic flux tube is revealed as an erupting prominence and the surrounding coronal structure becomes a CME (Fig. 13) .
A schematic of the main phase of the overall process is shown in Fig. 14a ; a vertical cross section through it (Fig. 14b) indicates the nature of the reconnection that is driven below the erupting prominence. The heat and fast particles that are produced during the reconnection propagate down to the feet of the reconnected field lines and drive chromospheric upflows, which fill a coronal loop with hot dense plasma through a process called chromospheric evaporation. At the base of the resulting hot coronal arcade, one sees a pair of bright chromospheric ribbons. As the reconnection proceeds, the location of the reconnection rises in the atmosphere, so new higher coronal loops are heated (Fig. 14c) while the ribbons separate in time. Meanwhile, the previous coronal loops cool through radiation and heat conduction. The reconnection adds both magnetic flux and magnetic helicity to the erupting flux rope. The cause of the eruption may be a lack of equilibrium, called non-equilibrium, or it may be a torus or kink instability. It appears that in some flares, separator reconnection is at work, while others may be focussed on quasi-separators or on coronal null points. Some of the twist that is observed in the erupting flux rope and further out in magnetic clouds may come from an initial flux tube located below the coronal arcade before it erupts. However, we have just suggested a new process that may create most of the twist (Priest and Longcope, 2017) .
During the rise phase of a flare, there are chromospheric brightenings at small points on either side of the polarity inversion line (PIL), which then spread along the PIL to create the ribbons. We suggest, therefore, that the initial sheared arcade (overlying an initial small flux rope Z + Z − ) consists of a series of flux tubes A + A − , B + B − , C + C − and D + D − (Fig. 15a) . The flare in our model spreads along the PIL by so-called zipper reconnection, in which A + A − first reconnects with B + B − (Fig. 15b) , then with C + C − (Fig. 15c) and finally with D + D − (Fig. 15d) .
At each reconnection, the total magnetic helicity is conserved, but the mutual magnetic helicity of the sheared (in- The overlying twisted flux tube is designated R, and the part of the reconnected arcade tube that is generated in reconnection event n is designated with that number, i.e., 1, 2 or 3. ner) arcade is converted into self-helicity of the new flux rope. Thus, after the first reconnection, the reconnected field line A + B − is twisted about the initial tube Z + Z − . After several reconnections, the end effect of the zipper process is to create a core of high twist A + D − around the initial tube.
During the main phase of the flare, the flux rope continues to grow by quasi-2-D reconnection, with mutual helicity of the outer coronal arcade being converted to self-helicity of the outer part of the flux rope (Fig. 16) . The net effect is that the final erupting flux rope consists of three parts: a central inner core that was present initially, a highly twisted outer core that was created by zipper reconnection during the rise phase and an outer less-twisted sheath created during the main phase.
Conclusions
Solar physics is at an extremely exciting phase, since there are many intriguing, fundamental and unsolved problems. Huge progress has been made over the past 10 years which would have delighted Alfvén, but definitive detailed answers have not yet been provided about the following:
-how the solar magnetic field is generated;
-how the dynamic fine-scale structure of the solar atmosphere is created;
-how the different parts of the corona are heated;
-how the different types of solar wind are accelerated;
-how eruptive solar flares and coronal mass ejections are initiated;
-and how reconnection converts magnetic energy to kinetic energy, heat and fast-particle energy in flares. Future breakthroughs will come from a combination of new observations, especially from the European Solar Orbiter mission (2019) and the DKIST 4 m telescope on Hawaii, but also from clever new ideas and models in the spirit of Hannes Alfvén. So, in the meantime let us relish the challenge and enjoy the beauty of the Sun.
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